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Antioxidant enzymeAging is characterized by progressive decline of major cell functions, associated with accumulation of altered
macromolecules, particularly proteins. This deterioration parallels age-related dysfunction of mitochondria,
thought to be a major determinant of this decline in cell function, since these organelles are both the main
sources of reactive oxygen species and targets for their damaging effects. To investigate the link between
glycation damages that accumulate with aging and the status of mitochondrial antioxidant enzymes, we
identiﬁed, by mass spectrometry after two dimensional-gel electrophoresis and western blotting, advanced
glycation endproduct-modiﬁed matrix proteins in rat liver mitochondria. Catalase appeared to be the only
antioxidant enzyme markedly glycated in old rats. Immunogold labeling performed on isolated mitochondria
conﬁrmed the mitochondrial matrix location of this enzyme. The content of catalase protein in mitochondrial
extract increased with aging whereas the catalase activity was not signiﬁcantly modiﬁed, in spite of a signif-
icant increase rate of glycation. Treatment of catalase with the glycating agent fructose led to signiﬁcant time-
dependent inactivation of the enzyme, while methylglyoxal had no noticeable effect. Catalase was co-
identiﬁedwith unglycated glutathione peroxidase-1 in the mitochondrial extracts. Taken together, these results
indicate that both anti-oxidant enzymes catalase and glutathione peroxidase-1 housed in liver mitochondria,
exhibited a differential sensitivity to glycation; moreover, they lend support to the hypothesis that glycation
damages targeting catalase with aging may severely affect its activity, suggesting a link between glycation stress
and the age-related decline in antioxidant defense in the mitochondria.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The aging process is characterized by a gradual decline in cellular
functions [1] associated with accumulation of oxidative damage to
intracellular macromolecules, particularly proteins [2], caused by reac-
tive oxygen species (ROS) produced under normal physiological condi-
tions [3,4]. Numerous data indicate that mitochondria are one of the
major sources of cellular ROS and, in turn, are themost adversely affect-
ed organelles during aging [5]. Age-associated damage to mitochondria
is a consequence of increased oxidant production [6–11] probably due
to changes in the activity of key components of the respiratory chain
[12]. Recent studies have demonstrated that oxidative damages to mi-
tochondria cause both a rise in the rate of mitochondrial hydrogen per-
oxide (H2O2) generation and impairment of mitochondrial respiratory
activity [8,13]. Oxidativelymodiﬁed proteins are generally dysfunction-
al, losing catalytic or structural integrity [14]. Oxidative modiﬁcation ofCML, Nε-(carboxymethyl)lysine;
idase-1; MGO, methylglyoxal;
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rights reserved.particular targets occurs during aging, and loss of activity of this key tar-
getmight amplify oxidative damage, which becomes particularly evident
in senescent tissues. Thus, oxidative damage to proteins is of crucial im-
portance in the aging process, since substantial increases in oxidized pro-
teins have been reported during aging [15].
Accumulation of oxidative damage could also result from an age-
associated increase in primary generation of oxidants. Indeed, oxidation
damage to the mitochondrial membrane and proteins has been impli-
cated in enhanced oxidant generation, leading to a vicious cycle of oxi-
dative damage and oxidant generation. Thus, mitochondria are one of
the cell's weak links, an organelle whose dysfunction has profound neg-
ative pleiotropic effects. In terms of accumulation ofmodiﬁed end prod-
ucts, oxidative damage has been implicated in cellular degeneration.
Although current studies have tended to focus on direct oxidative
lesions in proteins and other macromolecules during aging [14,16,17],
recent data indicate that attack by ROS may also affect proteins
through either lipoperoxidative production of reactive aldehydes
[18] or glycoxidation pathways [19]. Thus, recent data have demon-
strated a causal relationship between hyperglycemia-induced ROS
generation and intracellular advanced glycation endproduct (AGE)
formation [20], and this rise in AGEs was shown to be due to a rapid
increase in AGE-forming methylglyoxal (MGO) concentrations [21].
Indeed, as MGO is derived mostly from glycolytic pathways by frag-
mentation of glyceraldehyde-3-phosphate (G-3P), a link has been
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inhibition of glyceraldehydes-3-phosphate dehydrogenase, which
increases G-3P levels [22]. In addition, we recently demonstrated
that mitochondrial matrix proteins underwent both oxidative and
glycation modiﬁcations, and that these altered proteins accumulated
concomitantly with aging [11], suggesting a common origin for such
alterations. Thus, one consequence of this ROS-mediated attack is ac-
cumulation of oxidatively and/or glycoxidatively damaged proteins,
which may lead to cellular senescence if these ROS are not rapidly re-
moved in vivo [23]. To protect cells against oxidative damage by oxi-
dants produced during oxygen metabolism, an antioxidant system has
presumably evolved in aerobic organisms [24]. Antioxidant enzymes
constitute an important defense system for clearing up detrimental
ROS in vivo. Especially in mitochondria, manganese superoxide dis-
mutase (MnSOD) rapidly reduces superoxide anion (O2•−) to hydrogen
peroxide (H2O2); the latter could be converted into a more harmful hy-
droxyl radical (OH−•) in the presence of transition metals such as iron
and copper. Nevertheless, H2O2 canbe neutralized by enzymatic scaven-
gers, catalase (CAT) which decomposes H2O2 into water and molecular
oxygen while glutathione peroxidase (GPx) reduces it to water. Factors
that might undermine the activities of antioxidant enzymes could lead
to accumulation of ROS and subsequent oxidative and glycation damage
to proteins. Thus, correlated with the decline in any of these enzymes is
the concomitant increase in the ﬂux of mitochondrial ROS accumulation
[25].
In a previous work using heart and liver mitochondria, our group
observed an age-related decrease in aconitase activity in both organs,
whereas the Lon protease activity was only decreased in the liver
[26]. In addition, we showed that this inactivation of Lon protease
parallels the accumulation of glycation-damaged matrix proteins in
liver mitochondria with aging and might therefore contribute to dys-
functioning of this organelle [11,27]. Here we sought to determine
whether antioxidant enzymes among altered sets of mitochondrial
soluble protein fraction, were targeted by glycation damage linked
to age-related glycoxidative stress. We identiﬁed mitochondrial cata-
lase, an enzyme crucial to scavenging of hydroperoxide and which is
markedly glycated and cohabits with unglycated GPx-1, suggesting a
link between accumulation of glycoxidative protein alterations and
impairment of antioxidant defense in liver mitochondria with aging.
2. Methods
2.1. Chemicals
Catalase (bovine liver, EC 1.11.1.6 aqueous suspension, 47000 units/
mg protein) and HRP-conjugated anti-mouse or anti-rabbit IgG,
methylglyoxal (EC 201-164-8 40% aqueous solution), 3-aminotriazole
(3-amino-1,2,4-triazole) and fructose were purchased from Sigma
Chemicals (Saint Quentin Fallavier, France). Polyclonal antibodies to
catalase (abl6731) and to GPx-1 (ab22604) were obtained from
Abcam (Cambridge Science Park, UK). Monoclonal antibodies to AGE
(clone no. 6D12) from TransGenic Inc. (Kumamoto, Japan) exhibited a
cross-reaction both to carboxyethyl- and carboxymethyl-lysine (CEL
and CML) [28]. ABTS (2,2′-azine-di{3-ethylbenzthiazoline sulfonate}
(1-Step ABTS)) was from Pierce (Perbio Science Company, Brebières,
France).
2.2. Experimental protocols
Experiments were performed on male Wistar rats (WAG/Rij) born
and raised in the animal care facilities of the Commissariat à l'Energie
Atomique (CEA, Gif-sur-Yvette, France). This strain remains lean even
when fed ad libitum and does not suffer from age-associated hyper-
tension or diabetes [29]. Cohorts were constituted of young adult
(3-month-old) and senescent (27-month-old) animals. The animalswere killed by cervical dislocation and the liver was excised for prep-
aration of isolated mitochondria.
2.3. Isolation of liver mitochondria
Mitochondria from individual rat liver were isolated using differen-
tial centrifugation as previously described [12] and coupled with a Ficoll
gradient. Brieﬂy, 10% (w/v) tissue homogenatewas preparedwith a Pot-
ter apparatus in ice-cold isolation buffer containing 220 mM mannitol,
70 mM sucrose, 0.1 mM EDTA and 2 mM Hepes pH 7.4 supplemented
with 0.5% BSA (w/v). Nuclei and cellular debriswere pelletted by centri-
fugation for 10 min at 800 g and 4 °C. The supernatant was centrifuged
at 8000 g for 10 min at 4 °C. Themitochondrial pellet waswashed three
timeswith homogenizationmedium and the ﬁnal pellet resuspended in
the same buffer and stored at −80 °C or used for further puriﬁcation
through the Ficoll gradient to ensure that the mitochondrial prepara-
tion was free of peroxisomes. Mitochondria were further puriﬁed on a
discontinuous gradient of Ficoll (10% and 7.5% from the bottom of
tube) in sucrose buffer (75 mM sucrose, 1 mM EGTA and 5 mM Hepes
pH 7.2) and centrifuged at 75000 g for 30 min. The pellet of free mito-
chondria was washed three times, resuspended in isolation buffer and
used either for matrix extract preparation or for electron microscopy
analysis. To prepare matrix extract, mitochondria were resuspended in
50 mM Tris–HCl, pH 7.9, then disrupted by sonication (4 times 10 s).
The resulting suspension was centrifuged at 15000 g for 10 min and
the resulting supernatant at 100000 g for 45 min at 4 °C. The high
speed supernatant fraction containing the soluble protein fraction
(namedmitochondrial extract) was stored at−80 °C for further analy-
sis. Total protein concentration was determined using a Bradford pro-
tein assay.
2.4. Electrophoresis of mitochondrial extract and western blot
2.4.1. 2D-gel electrophoresis and western blot
Mitochondrial extract samples (150 μg protein) from young and
aged rats were mixed with 200 μl of two-dimensional sample buffer
(7 M urea, 2 M thiourea, 4% CHAPS, 1% DTT, 2% Pharmalytes pH
3.0–10.0) and submitted to 2D-gel electrophoresis and western blot-
ting using an anti-AGE monoclonal antibody clone 6D12, as previous-
ly described [27]. The proteins were revealed with a SuperSignalWest
Pico chemiluminescent reagent (Perbio Science Company, Brebières,
France).
2.4.2. 1D gel electrophoresis and western blot of catalase or GPx-1
Mitochondrial extract samples (10 μg proteins per lane) from differ-
ent mitochondrial preparations were electrophoresed on 10% (w/v)
SDS/PAGE gel under reducing conditions for 90 min at 30 mA/gel. Two
identical gels were then transferred to a nitrocellulose membrane for
1 h at 100 V. The membranes were saturated with 50 mM PBS, 0.1%
Tween‐20, and 5% skimmed milk overnight at 4 °C, followed by four
washes (10 min each) with PBS, and 0.2% Tween‐20 (washing buffer).
Themembraneswere then incubated for 2 h at room temperature either
with anti-catalase antibody (dilution 1:3000) or anti-GPx-1 antibody
(dilution 1:1000) in PBS, and 0.1% Tween‐20, washed four times, incu-
bated for 1 h with anti-rabbit IgG coupled to horseradish peroxidase
(dilution 1:10000). After washing, the proteins were revealed with the
SuperSignal West Pico chemiluminescent reagent.
2.5. Protein identiﬁcation by liquid chromatography tandem
mass spectrometry
Colloidal Coomassie-blue-stained spots matched with bands immu-
nolabeled by anti-AGE antibodies were excised from the gel, cut into
1 mm pieces and then treated for liquid chromatography–tandem MS
(LC-MS2) analysis as previously described [27]. LC–MS2 analyses
were performed with an electrospray ion-trap mass spectrometer
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line with a Surveyor HPLC system (ThermoElectron, Cergy-Pontoise,
France). Proteins were identiﬁed automatically by the computer pro-
gram TurboSEQUEST (ThermoElectron, Les Ulis, France).
2.6. Immunogold electron microscopy localization of catalase
Mitochondria from individual rat liver isolated on a Ficoll gradient
were pelleted and ﬁxed in a solution of 2% paraformaldehyde, and
1.5% glutaraldehyde in PBS pH 7.2 for 2 h at 4 °C. The pellet was
then kept overnight in PBS and treated for 30 min with 50 mM ammo-
nium chloride prepared in the same buffer. After washing with PBS, the
pellet was dehydrated through an immersion in a graded ethanol series
and embedded in L.R. White resin (hard grade). Ultrathin sections
(60 nm) were cut, mounted on collodion-coated nickel grids and incu-
bated for 30 min on a drop of 2% cold water ﬁsh skin in PBS to reduce
background. After washing in buffer A (1% cold water ﬁsh skin in
PBS), grids were transferred to a drop of catalase-antibody (dilution
1:40) in buffer B (buffer A+0.5% Tween‐20) and incubated for 2 h at
4 °C. After four washes with buffer A, the grids were incubated with
10 nm gold-conjugated EMprotein A particles (British Bio Cell Inter,
Cardiff, UK) diluted (1:100) in buffer A for 30 min at room temperature.
They were then washed with PBS, postﬁxed with 2% glutaraldehyde in
PBS (20 min), washed again and contrasted with 2% osmium tetroxide
in PBS for 10 min in the dark. After rinsing with distilled water, grids
were dried, stained with uranyl acetate and examined in a Philips
Bio-Twin Tec NAI 12 transmission electronmicroscope. To ensure spec-
iﬁcity of labeling, controls were performed by substituting the primary
antibody with normal rabbit IgG or incubating grids with the protein
A-gold complex alone.
2.7. Immunochemical identiﬁcation of glycated catalase from mitochondrial
extract
Liver mitochondrial extract samples from young and old rats were
immunoprecipitated to isolate catalase and subjected to western blot
for subsequent detection of the glycation proﬁle. Samples (500 μg) in
400 μl of immunoprecipitation buffer (50 mM Tris–acetate pH 7.5,
120 mM NaCl, 1 mM PMSF, 1 mM EDTA, 1% Tween-20) were incubated
with anti-catalase antibody (5 μg) for 1 h at room temperature on a ro-
tatingwheel. Then, antibody and bound proteinswere precipitatedwith
10 μl of protein G-agarose beads (Pierce) for 1 h with gentle rotation.
Protein complexes were pelleted by centrifugation (1000 g, 1 min),
then washed 3 times with washing buffer (50 mM Tris–acetate pH 7.5,
120 mM NaCl, 0.1% Tween-20, 0.1% SDS) and pellets were boiled in
SDS-PAGE sample buffer (50 μl) to recover antigen and antibody. Fol-
lowing centrifugation, the resulting supernatants of all samples were
distributed into two equal aliquots prior to SDS-PAGE electrophoresis
andwestern blotting. Eachmembrane couplewas incubatedwith either
catalase polyclonal antibody or anti-AGE monoclonal antibody as de-
scribed below. Blots were semi-quantiﬁed by densitometry scanning
using Image Master 1D software (in arbitrary units: AU) and expressed
as the ratio of AGE:catalase rate.
2.8. Determination of catalase levels in mitochondrial extract
The competitive ELISA assay was conducted as previously described
[11] using anti-catalase polyclonal antibody (dilution 1:3000). Brieﬂy a
96-well microtiter Nunc-immuno plate (Nunc, Roskilde Denmark) was
coated with 100 μl of puriﬁed catalase (1 μg.ml−1); then 50 μl of com-
peting antigen (mitochondrial matrix extract at 10 μg.ml−1 or serial
dilutions of standard catalase from 0.5 to 50 μg.ml−1) were added,
followed by 50 μl anti-catalase antibody. After incubation with 50 μl of
horseradish peroxidase-conjugated anti-rabbit IgG (dilution 1:10000),
100 μl of substrate solution (ABTS) was added and the absorbance
(A) was measured at 405 nm on a micro-ELISA plate reader (SpectraRainbow, SLT. Labinstruments, Salzburg, Austria). Results are expressed as
the ratio B/Bo (Bound/Total), calculated as experimental A−background
A (no antibody)/total A (no competitor)−background A, versus catalase
added as ng catalase.μg−1 total protein.
2.9. Catalase activity assay
Enzymatic activity was assayed by monitoring the decrease in ab-
sorbance at 240 nmwith an Uvikon 922 spectrophotometer (Kontron
Instrument, Eching, Germany) resulting from decomposition of H2O2
for 5 min at 25 °C according to Beers and Sizer (Sigma quality control
test procedure). The assay mixture consisted of 2.98 ml of H2O2 solu-
tion (substrate solution) from a stock solution of 0.1 ml of 30% (w/v)
H2O2 diluted in 50 ml of 50 mM potassium phosphate buffer, pH 7.0.
The enzyme reactionwas initiated by adding 20 μl of the incubation sam-
ples (at a concentration of 3.3 μg.μl−1 matrix extract or 0.025 μg.μl−1
catalase). The inhibition assay of catalase was achieved by addition of
50 mM 3-aminotriazole according to Salvi et al [30] after enzyme addi-
tion and continued incubation at 25 °C. The enzyme activity was deﬁned
as μmoles of hydrogen peroxide consumed per min and results were
expressed in units.ml−1 of enzyme obtained using the ratio: (3.45)(df)/
(min)(0.1) and then reported as speciﬁc activity. Activity was then
expressed relative to the control activity at each incubation time, set at
100%. Speciﬁc activity determined at to (activity measured at zero time
of incubation) in sample extract from young rats was 6.2×10−2 nmol
H2O2.mg−1 protein. All assays were performed in triplicate.
2.10. Effects of the glycating agents methylglyoxal and fructose on cata-
lase activity
In vitro modiﬁcation was achieved by incubating puriﬁed catalase
(Sigma) with varying concentrations of MGO (1 mM, 5 mM) or fructose
(5 mM) in 50 mM potassium phosphate buffer, pH 7.0 for up to 48 h at
37 °C. These treated samples were used for enzyme activity determina-
tion to evaluate the inhibitory effect of glycation. MGO was chosen as
the main glycating agent since this product was shown to be the major
source of intracellular AGEs [21]. Control activity (activity measured at
zero time of incubation with effector) was performed on every experi-
mental condition, and activity expressed as speciﬁc activity.
2.11. Statistical analysis
Results are presented as means±SEM and differences between
groupswere assessed bymean of Student's unpaired t-test. Signiﬁcance
was set at pb0.05.
3. Results
3.1. Identiﬁcation of glycated catalase in liver mitochondrial extract with
aging
3.1.1. 2D gel electrophoresis, western blot and mass spectrometry
Liver mitochondrial extract samples from young (3‐month-old)
and old (27-month-old) rats were run in parallel on 2D-gel electro-
phoresis and gels were western-blotted and studied using anti-AGE
monoclonal antibody to detect modiﬁed proteins (Fig. 1) (panels A–B),
or else were colloidal-Coomassie blue-stained for mass spectrometry
analysis. Three spots of interest were analyzed [27], but the only spot
corresponding to an antioxidant enzyme was encircled.
Colloidal-Coomassie-blue-stained spots matched against this sig-
niﬁcantly AGE-modiﬁed spot were excised from gel and submitted
to LC/MS2 identiﬁcation (Table 1). The spot identiﬁed with sufﬁcient
peptide coverage (13%) using 6 peptides and a molecular weight of
59.6 kDa corresponded to catalase.
Fig. 1. Identiﬁcation of AGE-modiﬁed proteins in the mitochondrial extract with aging.
2D-gel electrophoresis and western blot using mAb anti-AGE were performed to detect
AGE-modiﬁed protein on liver mitochondrial extract from young (A) and old (B) rats.
Matched Coomassie blue spot in 2D-gel electrophoresis performed in parallel (encircled
spot) was used for LC/MS2 analysis.
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liver mitochondria
To ascertain the mitochondrial location of catalase, immunogold
stainingwas performed on livermitochondria prepared on a Ficoll gradi-
ent (Fig. 2). The preparation obtainedwas practically free of contaminat-
ing structures, and all recognizable organelleswere clearlymitochondria,
although some of them were disrupted (panel A). Catalase protein was
markedly stained with an immunogold probe in the mitochondrial ma-
trix (panel B: arrows), whereas no staining was observed in the control
preparation when the primary antibody was omitted (panel C). These
data corroborated the mitochondrial matrix localization of catalase.
3.3. Catalase level and activity in mitochondrial extract with aging
Competitive ELISAwas used to evaluate the catalase–protein content
in mitochondrial extract (Table 2). The content of catalase represents
about 2% of total matrix protein, and signiﬁcantly increased from
19.41±2.75 ng/μg protein (n=5) in young rats to 26.55±1.97 ng/μg
protein (n=8) in old rats (lane A) (p=0.05). The catalase activity
(lane B) assessed with 66 μg total extract protein remained stable,Table 1
Identiﬁcation of glycated protein located in encircled spot. Tryptic peptides from in-gel di
XCorr scores that measure similarities between mass-to-charge (m/z) ratios for fragment io
trum. XCorr, cross-correlation scores; Z, charge of the precursor ion; M*, oxidized methion
Protein
UniProt accession no.
Mass
(kDa)
pI Peptide matches
Sequence
Catalase, P04762 59.6 7.15
K.LNIM*TAGPR.G
K.LVNANGEAVYC#K.F
R.LAQEDPDYGLR.D
R.LGPNYLQIPVNC#PYR.A
R.FNSANEDNVTQVR.T
K.DAQLFIQR.Kvarying from 6.19±1.02×10−2nmol H2O2.mg−1 protein (n=5) in
young rats to 5.29±0.75×10−2nmol H2O2.mg−1 protein in old rats.
3.4. Age-related changes in the catalase glycation level
Catalase was immunoprecipitated from mitochondrial extract and
then western-blotted to investigate the rate of catalase glycation with
aging (Fig.3). Spots of catalase protein (panel B CAT) and of AGE la-
beling (panel B AGE) were semiquantiﬁed by densitometry (arbitrary
units: AU). Catalase protein spots exhibited identical intensity in
young (271.3±22.7 AU) and old rats (285.8±12.7 AU),while AGE label-
ing intensity signiﬁcantly increased by 105%, from 44.1±9.5 AU (n=3)
to 90.7±14.8 AU (n=4) (pb0.05) (panel A). The rate of glycation
expressed as the ratio of AGE/CAT intensity (panel A: inset) signiﬁcantly
increased by 100%, from 0.16±0.02 (n=3) in young rats to 0.32±0.04
(n=4) in old rats (pb0.02). These data indicate that catalase underwent
increased glycation with aging.
3.5. Effect of glycation on mitochondrial matrix catalase activity with
aging
Mitochondrial catalase activity (speciﬁc activity) measured in young
rat extracts was 6.2×10−2nmol H2O2.mg−1 protein and was used as
the reference, i.e. 100%. The use of 3-aminotriazole, a speciﬁc catalase in-
hibitor, led to residual activity of 0.34×10−2nmol H2O2.mg−1 protein
(5.5% activity) in the same control extracts.Mean residual activity repre-
sented 12% (n=8) whatever the assay condition used. The highest per-
oxidase activity (88%)measured in extract corresponded to true catalase
activity. This catalytic activity tended to decrease with aging and repre-
sented 86% in old rats in comparison with young rats, though no signif-
icant difference was observed (Fig.4). This activity at both ages declined
with time of incubation, reaching signiﬁcance from 48 h onwards. The
effect of glycation on catalase activity, analyzed by incubation with
1 mMMGO, showed no inhibitory effect on catalase activity with time;
it even tended to increase. It is noteworthy that MGO also had no effect
on the inhibitory action of aminotriazole. These results indicate that the
strongest activity evidenced in mitochondrial extract belonged to cata-
lase and that the 1 mM glycating agent MGO was ineffective toward
the activity of this enzyme in the extract.
3.6. Effect of the glycating agents fructose and MGO upon catalase activity
Wesought to elucidatewhether the glycationmodiﬁcation evidenced
above could, under certain conditions, signiﬁcantly alter catalase activity.
For this purpose, we used puriﬁed catalase (Sigma) incubated withMGO
or fructose as glycating agents for up to 48 h (Fig. 5). Catalase incubated
alone at 25 °C was signiﬁcantly inactivated in a time-dependent manner,
with remaining activity of 80% after 5 h (p=5%). However, its activity
remained unchanged when incubated with 1 mM to 5 mM MGO up to
48 h compared to the control. On the other hand, rapid loss of enzymatic
activity occurred after incubation of catalase with 5 mM fructose andgestion were subjected to LC/MS2 analysis. Peptide identiﬁcation was evaluated using
ns predicted from amino acid sequences and fragment ions observed in the MS2 spec-
ine.
Coverage (%)
Position MH+ DM Z XCorr
6 13
38–46 988.52 0.33 2 2.03
221–232 1337.65 0.37 2 2.52
252–262 1276.62 0.38 2 2.65
365–379 1803.92 0.53 2 2.07
431–443 1493.70 0.44 2 4.38
468–475 990.54 0.22 2 2.44
Fig. 2. Immunogold detection of catalase in liver mitochondria. Panel A: electron micrography assessment of the purity of liver mitochondria preparation from young rats; all
recognizable organelles are mitochondria. Panel B: section of isolated mitochondria incubated with catalase polyclonal antibody, followed by gold-conjugated secondary antibody
(arrows: catalase labeling by gold particles). Panel C: negative control in which gold-labeled secondary antibody was added without catalase antibody. ×, magniﬁcation.
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tivity barely representing 53% of the control (pb5%). These results indi-
cate the inactivation of catalase due to fructose-induced glycation.
3.7. Immunochemical identiﬁcation of catalase and GPx-1 in liver mito-
chondrial extract
Western blotting analysis (Fig. 6) on three separate preparations
from young (Fig. 6-A) and old (Fig. 6-B) rats using both anti-CAT
and anti-GPx-1 antibodies revealed bands with apparent MW of
60 kDa, corresponding to subunits of catalase (Fig. 6-CAT), and
bands with apparent MW of 22 kDa, corresponding to GPx-1 staining
(Fig. 6-GPx-1).
4. Discussion
Results reported in the present study demonstrate that, among a
set of AGE-modiﬁed proteins in the liver mitochondrial extract with
aging, the only antioxidant enzyme that was strongly glycated was
catalase, constitutively present and located in the matrix, as demon-
strated by immunogold labeling. Data on localization of catalase are
consistent with recent studies also showing its liver mitochondrial
location via several methodological approaches [31–33]; this is in
contrast to the general opinion that catalase is present only in heart
mitochondria [34,35], and merely as a contaminant [36,37]. In addi-
tion, catalase protein appeared to be AGE-damaged, indicating that
this antioxidant enzyme is more susceptible to glycation stress.
Although only a slight decrease in catalase activity was observed in
extract with aging, we showed in an in vitro study that fructose-
modiﬁed catalase exhibited strongly decreased activity. These results,
however, contrastwith the paradoxical effects ofMGOwhich, on the con-
trary, induce a slight enhancement of initial catalase activity (+13%).
This phenomenon was also observed in a previous work showing an in-
crease in catalase activity (+17%) when the enzyme was preincubatedTable 2
Catalase content and activity in liver mitochondrial extract with aging. Competitive
ELISA was performed on samples (0.5 μg protein) from young (n=5) and old (n=8)
rats using catalase polyclonal antibodies, and the catalase rate is expressed as ng/μg
protein (line A). The activity values were expressed as speciﬁc activity (×10−2 nmol
H2O2.mg−1 protein). Results are means±SEM. *p=0.05 vs. 3-month-old rats.
AGE (months) 3 (5) 23 (8)
A Content of catalase (ng/μg protein) 19.41±2.75 26.55±1.97*
B Catalase activity (×10−2nmol H2O2.mg−1 prot) 6.19±1.02 5.29±0.75with low concentrations of guanidine-hydrochloride, which induced en-
hancement of soret absorption, the hallmark of conformational changes
[38]. Complete loss of enzymatic activity was, however, observed at con-
centrations higher than 1.5 M. Also, Nagaraj and coworkers [39] reported
that only MGO modiﬁcations of human αA-crystallin enhanced its
chaperone-like function, whereas fructose decreased it; this activation
phenomenonwas attributed to formation of argpyrimidine [40]. It is like-
ly thatwhile both glycating agentMGO and fructose reactions led to neu-
tralization of positive charges on basic amino acid residues,modiﬁcations
in the guanido group of arginine residues which, in proteins, are prefer-
ential targets of MGO and other dicarbonyl coumponds [41], may induce
changes in physical properties and other factors such as hydrophobicity,
leading to slight activation of catalase. In contrast, modiﬁcation of lysine
residues, which are more sensitive targets of carbohydrates such as fruc-
tose, inducesmore severe disruption of the structure and/or alterations in
the active site. Indeed, previous studies have reported that formation of
compound-I in catalytic activity is likely accompanied by neutralization
of a key residue, Arg354, through a charge relay system; this neutraliza-
tion functions both to reduce charge repulsion with the porphyrin-Fig. 3. Determination of glycation level of mitochondrial catalase with aging. Catalase
immunoprecipitated from liver mitochondrial extracts of young or old rats was
western-blotted and studied using either anti-catalase antibody (panel B-CAT) or anti-
AGE antibody (panel B-AGE). Spots were semi-quantiﬁed and results were expressed in
arbitrary units (AU) (panel A). The rate of glycationwas expressed as ratio of AGE:catalase
intensity (inset). Values are means±SEM (n=3). *pb0.05, **pb0.02, vs. 3-month-old
rats.
Fig. 4. Effect of MGO and aminotriazole on catalase activity with aging. Catalase activity in liver mitochondrial extract from young (A) and old (B) rats was assessed either in the
absence or presence of 1 mM MGO or the presence of the speciﬁc inhibitor 3-aminotriazole. Values are expressed as percentage of control (speciﬁc activity at to was determined in
sample extracts from young rats). Data represent the mean±SEM (n=6). ***pb0.005 at tn vs. to. (t0 is zero time of incubation and tn is the time duration of the incubation at the
end of which activity is measured).
Fig. 5. Comparative effect of glycating agents MGO vs. fructose on catalase activity. Puriﬁed catalase activity was assayed in the absence (control) or presence of MGO (1 mM and
5 mM) or fructose (5 mM) incubated for up to 48 h. Values expressed as speciﬁc activity (nmol H2O2/mg protein) represented the mean±SEM (n=6). t-test: glycating agent versus
control at each time. *pb0.05; **pb0.01;***pb0.005. Incubation time, °p=0.05; °°°pb0.001; °°°°pb0.0001, control tn vs. to.
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Fig. 6. Immunochemical detection of catalase and GPx-1 in liver mitochondrial extract.
Samples (12 μg total extract) from 3 different preparations of each age were subjected
to western blotting after SDS/PAGE electrophoresis under reducing conditions, using
either polyclonal antibody to GPx-1 or antibody to catalase (CAT).
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the catalytic center [42]. Thus, charges linked to Arg ionizationmay play a
role in the catalytic mechanism of catalase. Nonetheless, our results sug-
gest that accumulation of glycated catalase in the mitochondrial matrix
during aging is probably linked to an age-related decline in catalase activ-
ity. Although AGE-products evidenced here are mostly CML/CEL-adducts
[28], the glycation-damaged catalase may be due to the prevalent effect
of AGE-modiﬁed protein from combined glycating agent MGO/fructose-
derived molecule. Thus the catalase inactivation may be compensated
at least in part, with the increased level of catalase protein observed in
extract from aged rats. The above assertion is supported by numerous
data [43,44], which reported a consistent decrease in liver mitochondrial
catalase activity due to oxidative/carbonyl stress as a function of age.
More relevant, Yan and Harding [45] reported, in an in vitro study, time-
dependent inactivation of catalase by several carbohydrates, among
which fructose was the most efﬁcient. In their study, glycated catalase
exhibited loss of antigenicity, suggesting disruption of the surface charge
net-work of enzyme probably leading, in turn, to its partial unfolding
and the loss of catalytic activity. However, enzyme activitymay be com-
promised before gross conformational changes of protein take place,
when direct reaction of glycating agent affects catalytic center. In our
study, we additionally observed a thermal-induced inactivation of
catalase when incubated alone at 25 °C. This inactivation was probably
due to the denaturation (unfolding) process, as reported by Hook and
Harding [46] who demonstrated that chaperones were capable of pro-
moting functional refolding of catalase after thermal denaturation.
In physiological conditions, ROS are generated in large part from
single electrons escaping from the mitochondrial respiratory chain
and reducing molecular oxygen to form the superoxide anion, subse-
quently converted by Mn-SOD into hydrogen peroxide (H2O2). This
peroxide may ﬁnally generate by the Fenton reaction a highly reactive
hydrogen radical (•OH) unless H2O2 is removed by the action of cata-
lase and/or GPx. Although substantial evidence suggests that tran-
sient production of H2O2 is an important signaling event [47,48] and
now recognized as a ubiquitous intracellular messenger under subtoxic
conditions [49–51], ROS production in large amounts has a potent effect
upon mitochondrial damage. Thus, in mammalian cells, antioxidant en-
zymes such as SOD and catalase represent critical defense mechanisms
for preventing oxidative modiﬁcations of proteins and other macromol-
ecules [52,53]; particularly catalase is known for its ability to dismute
hydrogen peroxide, thereby preventing accumulation of toxic levels of
this reactive oxygen intermediate [54]. Indeed, the key role of possible
mitochondrial catalase in oxidant defense was recently demonstrated
by experimental targeting of catalase tomitochondria.When introduced
into mitochondria, catalase provided better protection than cytosolic
expression against H2O2-induced lesions causing cell death [55], ox-
idative damage, as well as increasing the murine life span [56]. Theseobservations point to the critical strategic location of catalase in mito-
chondria, i.e. near the primary loci of ROS production.
Although different antioxidant enzymes such as catalase and GPx
may play similar roles of transforming radicals into harmless products,
i.e. water, GPx per se is not an efﬁcient H2O2 decomposer, and high
levels of H2O2 occur in GPx-sufﬁcient but catalase-depleted cells [57].
In the present study, we also show that catalase which can decompose
peroxides by two different modes of enzymatic activity (catalytic and
peroxidatic modes) both depending from catalase compound-I stem-
ming from ﬁrst step of catalytic reaction [58,59], exhibited 88% of total
activity in themitochondrial extract after use of the catalase-speciﬁc in-
hibitor 3-aminotriazole. The unexpected remaining 12% activity could
belong to the other family of peroxidases such as peroxiredoxin-3
(Prx-3) that reduces hydroperoxides with the use of reducing equiva-
lents provided by thioredoxin (Trx) [60], although this remains to be
demonstrated. We nevertheless recognize that this residual activity
could be also accounted for by the presence of GPx, immunologically
identiﬁed as GPx-1 with an apparent MW of 22 kDa and differs from
the cytosolic GPx (GPx-3) for its MW [61], and whose gene is not
expressed in rodent liver [62]. In that report, the mitochondrial GPx in
mouse liver was shown to be the only product of the Gpx1 gene [63].
The present results provide direct evidence and conﬁrmation that
both peroxidase enzymes catalase and GPx-1 are housed within the
liver mitochondria. We speculate that the glutathione redox cycle is a
major source of protection against low levels of peroxides, whereas cat-
alase becomes more signiﬁcant in cytoprotection against severe oxida-
tive stress which, in most cases, involves glutathione depletion [64,65].
In support of this assertion, catalase exhibits one of the highest turnover
rates among all known biological enzymes, supporting its physiological
role in removal of high levels of H2O2 [66,67]. A decrease in its activity
may compromise the overall antioxidant enzyme defense system,
since H2O2 is shown to be a potent inhibitor of SOD activity. Thus cata-
lase inactivation would lead to oxidative damage not only directly
through H2O2 and its derivative, but also indirectly through inhibition
of SOD, hence leading to increased levels of superoxide radicals.
Taken together, the present results suggest that age-related glycation
of catalase, by compromising its activity, may signiﬁcantly impair mito-
chondrial and subsequently cell antioxidant enzymedefenses, amplifying
oxidative stress due to age-related hyperglycemia.
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